Introduction {#sec1-1}
============

Traumatic brain injury is a major cause of mortality and disability worldwide (Langlois et al., 2006; Pitkänen et al., 2006; Jain, 2008). Traumatic brain injury is a heterogeneous disorder and many involved mechanisms are still unknown. Cellular death, neurodegeneration, vessel fracture, and axonal damage are several neurobiological alterations that occur during traumatic brain injury (Pitkänen et al., 2006; Jain, 2008). Current acute treatment of traumatic brain injury is limited to controlling intracranial pressure and thrombolytic surgical procedures (Harting et al., 2008). The brain has a low renewable capacity for self-repair and generation of new functional neurons in treatment of trauma, inflammation and cerebral diseases (Lu et al., 2001). Cytotherapy is one option to regenerate central nervous system that aim at replacing the functional depleted cells due to traumatic brain injury (Longhi et al., 2005; Azari et al., 2010). Lee et al. (2013) suggested combination of stem cell therapy with rehabilitation in a traumatic brain injury model to induce recovery outcomes that are similar to rehabilitation alone.

Recently, bone marrow mesenchymal stem cells have become focus of intense research due to the ability of self-renewal and their potential to differentiate into various tissues (Brodhun et al., 2004; Karaoz et al., 2009). Bone marrow mesenchymal stem cells have capacity to cross the blood-brain barrier and migrate into injured tissues systematically. Disruption and breakage in blood-brain-barrier cause more cells to migrate into the traumatized area (Schmidt et al., 2006; Liu et al., 2008). At first, bone marrow mesenchymal stem cells can differentiate into mesenchymal lineage cells, including neurons and non-neuronal cells in the brain (Matsushita et al., 2011). Studies have been done on the effects of stem cells on traumatic brain injury since 2001. Lu et al. (2001) administered bone marrow mesenchymal stem cells intravenously 24 hours after traumatic brain injury and sacrificed the rats 15 days later. They noticed that mesenchymal stem cells differentiated into neuronal and astrocytic phenotype cells and reversed the functional deficits in their method. In support of the above findings, others concluded that mesenchymal stem cells treatment improved brain function, stimulated the nervous system damage, and generated the loss of cell population in traumatic brain injury models (Li and Chopp, 2009). Also, these mesenchymal stem cells are capable to secret cytokines, chemokines and growth factors (Marquez-Curtis and Janowska-Wieczorek, 2013). Factors secreted by mesenchymal stem cells, such as neurotropic factors have important roles in creating favorable microenvironments for proliferation of neural cells at the injury site, so enhancing angiogenesis, synaptogenesis and neurogenesis in the damaged brain tissue (Khalili et al., 2014). Galindo et al. (2011) investigated the cytokines secreted by mesenchymal stem cells in an acute model of traumatic brain injury. They showed these factors induced the expression of glial fibrillary acidic protein and modulated the *in vivo* inflammation in experimental traumatic brain injury. The aim of this study was to design a diffuse model of traumatic brain injury in order to investigate the role of intravenous administration of bone marrow mesenchymal stem cells after experimental traumatic brain injury in rats.

Materials and Methods {#sec1-2}
=====================

Isolation and expansion of mesenchymal stem cells {#sec2-1}
-------------------------------------------------

Mesenchymal stem cells were harvested from six 2-month-old male Wistar rats weighing 200--250 g as described previously (Khalili et al., 2012). The rats were anesthetized and the bone marrow plugs were extruded from bone marrow cavity. Flushing was done with Dulbecco\'s modified Eagle\'s medium-low glucose (DMEM-LG; Gibco, Grand Island, Nebraska, USA). Pellets of bone marrow cells were separated by density gradient fractionation (400 × *g* for 7 minutes), then re-suspended in DMEM supplemented with 15% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells were incubated at 37°C in a 5% CO~2~ environment. The medium was replaced after 48 hours for removal of suspended and adherent mesenchymal stem cells, and were fed with fresh DMEM. Culture media was replaced at 3-day intervals. When the cells reached 80--90% confluence, they were passaged with 0.25% trypsin and 1 mmol/L ethylenediamine tetraacetic acid (Gibco) and expanded until 3 passages. For labeling of mesenchymal stem cells, the cells were exposed with 10 μmol/L 5-bromo-2′-deoxyuridine (BrdU; Sigma, St. Louis, MO, USA) 48 hours before transplantation. BrdU was added to mesenchymal stem cell medium and replaced with nucleotide thymine in DNA of cells.

Animal model {#sec2-2}
------------

Sixteen 3-month-old male Wistar rats, weighing 300--325 g, were kept at 25 ± 2°C and 12 hour light period. The animals were randomly divided into a traumatic brain injury (control) group and a cell transplantation (experimental) group. Traumatic brain injury was done based on diffusion model of Foda-Marmarou (Foda and Marmarou, 1994; Morales et al., 2005). The rats in the cell transplantation group were injected with 3 × 10^6^ mesenchymal stem cells labeled with BrdU *via* the lateral tail vein 24 hours after induction of traumatic brain injury; and PBS was injected to the control group. Experimental protocol of this study was approved by Research and Clinical Center for Infertility, Shahid Sadoughi University of Medical Science Committee.

Induction of traumatic brain injury {#sec2-3}
-----------------------------------

Rats were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg). Traumatic brain injury was induced with weight drop impact acceleration method. A sterile metal plate was used to avoid the skull fracture. After pushing the fascia aside, the steel was located between lambda and bregma on the skull. The head was then placed in an appropriate position on a platform and a band was put under the lower jaw which allowed the head movement when the impact was created by a falling of 300 g weight. The weight was dropped from a height of 1 meter on the parietal bone.

Behavioral evaluation {#sec2-4}
---------------------

Neurological severity score (NSS) was performed to evaluate the neurological function. NSS score was graded on a scale of 0 to 18 scores. Score 0 indicated normal activities, while score 18 displayed maximal deficit. NSS scale was composed of motor, sensory, balance and reflex tests. In motor test, the muscle status and ability of movement were assessed. Sensory test was composed of placing (visual and tactile) and proprioceptive tests. In balance test, score was given to procedure and time of stand on the beam. For assessment of reflex, pinna, corneal and startle reflexes were used (Chen et al., 2001). One point was given for inability of rat to perform a task. NSS test was measured on all rats pre-injury (day 0), and at 1, 7, 14 days after induction of traumatic brain injury.

istological studies {#sec2-5}
-------------------

Animals were re-anesthetized with an overdose of ketamine and xylazine 14 days after traumatic brain injury induction. They were perfused intracardiacally with 200 mL of saline followed by 400 mL of 4% paraformaldehyde. The brains were removed and stored in 4% paraformaldehyde. The parietal lobes were dissected and embedded in paraffin. A series of adjacent 6 μm coronal sections were cut, and stained with hematoxyline-eosin for histological analysis.

Immunohistochemical studies {#sec2-6}
---------------------------

Single and double immunohistochemical staining were used to indicate migration and differentiation of the transplanted mesenchymal stem cells. Briefly, after deparaffinization, sections were placed in citrate buffer (pH 6.0) in an oven at 65°C for 2 hours. Then, they were washed with PBS twice and incubated in 2 mol/L HCl at 37°C for 30 minutes. The sections were rinsed in 0.5 % Triton X-100 for 20 minutes. The sections were treated with an anti-BrdU antibody (dilution 1:100; Millipore, Billerica, MA, USA) and antibodies for each cell marker as primary antibody at 4°C overnight. The coronal sections were washed with PBS and incubated with fluorescein isothiocyanate (FITC) or rhodamine conjugated antibody as secondary antibodies. A neuronal nuclear antigen (NeuN; Millipore) for neurons (dilution 1:200) and glial fibrillary acidic protein (GFAP; Millipore) for astrocytes (dilution 1:200) were used as primary cell-type-specific antibodies. The combination of antibodies used in each double immunofluorescence staining was: (1) rat anti-BrdU antibody and mouse anti-NeuN antibody as primary antibodies and rhodamine-labeled anti-rat IgG antibody and FITC-conjugated anti-mouse IgG as secondary antibodies for BrdU-NeuN; (2) mouse anti-BrdU antibody and rabbit anti-GFAP antibody as primary antibodies and FITC-labeled anti-mouse IgG antibody and rhodamine-labeled anti-rabbit IgG antibody as secondary antibodies for BrdU-GFAP (Yagita et al., 2001; Khalili et al., 2012). 4′,6-Diamidino-2-phenylindole (DAPI)was added to ensure the integrity of the stained cells. The mounted slides were observed with immunofluoresence microscope (Zeiss, Göttingen, Germany).

Statistical analysis {#sec2-7}
--------------------

The differences in the data from NSS test were analyzed using SPSS 20.0 (SPSS, Chicago, IL, USA) and were measured with independent-sample *t*-test. Data were expressed as mean ± SD. A *P* value of \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Verification of model establishment {#sec2-8}
-----------------------------------

Widespread hemorrhage was observed throughout the parietal surface of the brains. Hematoxylin-eosin staining indicated that blood vessels were ruptured in some slides of traumatic brain injury groups with dissecting microscope (data not shown).

Migration and differentiation of BrdU labeled bone marrow mesenchymal stem cells in recipient rats {#sec2-9}
--------------------------------------------------------------------------------------------------

Some BrdU labeled mesenchymal stem cells migrated into the parietal lobes of injured brain in the cell transplantation group ([**Figure 1**](#F1){ref-type="fig"}). In comparison, immunofluoresence microscopy of coronal sections showed no localization of BrdU-positive cells in traumatic brain injury group. In addition, double staining showed that some implanted mesenchymal stem cells expressed neuronal (neuronal nuclei, NeuN) and astrocyte (glial fibrillary acidic protein, GFAP) markers in the cell transplantation group (**Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}**). The significant presence of NeuN and GFAP in the parietal lobes of cell transplantation group rats compared with traumatic brain injury rats indicated that some mesenchymal stem cells in the injured territory of the parietal lobe exhibited signs of differentiation towards neuron- and astrocyte-like cells.

![5-Bromo-2′-deoxyuridine (BrdU)-labeled mesenchymal stem cells migrated to injured cerebral tissues following intravenous transplantation.\
(A) BrdU-labeled mesenchymal stem cells (arrow) migrated into in-jured brain in the cell transplantation group *via* intravenous transplan-tation. (B) No BrdU-positive cells were observed in the traumatic brain injury group.](NRR-9-919-g001){#F1}

![Expression of neuronal marker neuronal nuclei (NeuN) in injured brain tissue after mesenchymal stem cell (MSC) transplantation.\
(A) Some 5-bromo-2′-deoxyuridine (BrdU)-positive MSCs express NeuN. Fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG-labeled MSCs were in green color. (B) BrdU-labeled MSCs with rhodamine-conjugated anti-rat IgG antibody as secondary antibody were in red color. (C) 4′,6-Diamidino-2-phenylindole (DAPI)-labeled MSCs. DAPI indicated nuclei in blue color. (D) NeuN-BrdU-DAPI (× 400).](NRR-9-919-g002){#F2}

![Expression of astrocyte marker glial fibrillary acidic protein (GFAP) in injured brain tissue after mesenchymal stem cell (MSC) transplantation.\
(A) Some 5-bromo-2′-deoxyuridine (BrdU)-positive MSCs express GFAP. Labeled MSCs were indicated in red color. (B) BrdU labeled MSCs with fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG antibody as secondary antibody were in green color. (C) 4′,6-Diamidino-2-phenylindole (DAPI)-labeled MSCs. DAPI indicated nuclei in blue color. (D) GFAP-BrdU-DAPI (× 1,000).](NRR-9-919-g003){#F3}

Neurological function appraisement {#sec2-10}
----------------------------------

NSS showed no differences between the groups of traumatic brain injury and cell transplantation at 1 and 7 days post-injury (*P* \> 0.05), respectively. However, rat motor deficits were improved significantly in the cell transplantation group compared with traumatic brain injury group at 14 days post-injury (*P* = 0.01; [**Figure 4**](#F4){ref-type="fig"}).

![Neurological function pre-injury (day 0) and at 1, 7, 14 days post-traumatic brain injury (TBI) followed by cell transplantation.\
Neurological severity score (NSS) was performed to evaluate the neu-rological function. NSS was graded on a scale of 0 to 18 score. Score 0 indicates normal activities, while score 18 displays maximal deficit. Values are expressed as mean ± SD with eight rats at each time point in each group. \**P* \< 0.05, *vs.* TBI group.](NRR-9-919-g004){#F4}

Discussion {#sec1-4}
==========

In this study, mesenchymal stem cells intravenously administered were shown to migrate into injured cerebral tissue at 14 days after diffuse traumatic brain injury in rats. This type of traumatic brain injury model in conjunction with stem cell therapy has been rarely reported. The intravenously administered mesenchymal stem cells expressed neuronal marker NeuN and astrocyte marker GFAP and promoted functional recovery at the end of the second week.

On the contrary, the control group showed no improvement in animal behavior after diffuse traumatic brain injury. Intravenous administration of mesenchymal stem cells promoted neuronal regeneration following experimental diffuse traumatic brain injury. It seems that intravenous administration of mesenchymal stem cells after experimental traumatic brain injury promoted neuronal proliferation and differentiation in neurogenic zones and improved motor and sensory recovery (Opydo-Chanek, 2007; Harting et al., 2009; Joers and Emborg, 2010). As in a previous study (Khalili et al., 2012), we took advantage of the intravenous transplantation as being minimally invasive procedure. Mahmood et al. (2001) used intravenous transplantation of mesenchymal stem cells for treatment of local traumatic brain injury and found that this method is better than other methods. This approach has beneficial effects than carotid or direct tissue injection and is also appropriate for long-term treatment (Chopp and Li, 2002).

The cell homing is one of the controversial topics in intravenous route. There is a possibility of the cell pooling in the other organs, such as lungs, entrapment in the peripheral organs and reducing cell homing, which require higher cell numbers (Reitz et al., 2012). Lu et al. (2001) injected BrdU-labeled mesenchymal stem cells into rat tail vein, and traced these cells in different organ tissues. They observed mesenchymal stem cells homing into other organs in addition to injured cerebral tissue without causing harms to these organs. The exact number of mesenchymal stem cells that are necessary for repair of the functional deficits after injury is one of the important issue that should be resolved. In this study, 3 × 10^6^ mesenchymal stem cells were injected at an appropriate dose for trauma treatment. Lu et al. (2003) compared two different doses in intravenous infusion at 24 hours after brain injury. They noticed significant functional recovery in animals that received 3 × 10^6^ mesenchymal stem cells than other group receiving 1 million cells. Similarly, in another study reported by Mahmood et al. (2005), two doses (2 and 4 × 10^6^) of cells were intravenously transplanted in traumatic brain injury program. Three months later, the recipient animals that received 4 × 10^6^ mesenchymal stem cells had better recovery than those receiving 2 × 10^6^ mesenchymal stem cells. These studies suggest that the number of mesenchymal stem cells is a determining factor for gaining optimal results.

Our finding showed that at 24 hours after traumatic brain injury, intravenously injected mesenchymal stem cells improved neurological function, which is similar to other investigations (Lu et al., 2001; Mahmood et al., 2001). Future research in this field should ensure that the cells remain a long-term period in the target area. Later, Bonilla et al. (2009) indicated that administration of 1 × 10^7^ mesenchymal stem cells in the injured brain caused a clear recovery 2 months after traumatic brain injury. Therefore, it is necessary to know the best route and time of mesenchymal stem cell administration in order to obtain the favorable results for cell therapy after traumatic brain injury in rats. However, the mechanism by which the injected mesenchymal stem cells help to repair injured brain after stroke or traumatic brain injury. Only a small number of intravenously injected cells can reach the damaged cerebral tissue. Therefore, just a small proportion of cells arrive at the damaged area and form complex connection for functional recovery. More likely, the injected mesenchymal stem cells stimulate the cerebral area to activate endogenous restorative and regenerative mechanisms (Chopp and Li, 2002). They behave as small factories capable of secreting cytokines and neurotrophic factors, such as nerve growth factor, brain-derived neurotrophic factor and fibroblast growth factors (Parr et al., 2007). There is some evidence that stem cells have intrinsic capacity to detect pathological areas within the brain, for example, vascular endothelial growth factor that is released in many neurological disorders and migrates towards damaged area (Collins, 2013). Mesenchymal stem cell supernatant is more robust than direct use of vascular endothelial growth factor which suggests that mesenchymal stem cells are an available source of angiogenic factors (Hamano et al., 1999). Others tested the effects of mesenchymal stem cells on the induction of angiogenesis and showed that mesenchymal stem cells could induce the formation of new blood vessels, suggesting an improvement in functional recovery (Khalili et al., 2012). Mesenchymal stem cells integrated into injured tissue, forming cell-cell communications, interacted with the extracellular matrix, differentiated into neurons, and may be associated with brain plasticity and reduction of apoptosis. Thus, mesenchymal stem cell transplantation amplifies treatment and contributes to the restoration and functional improvement after diffuse traumatic brain injury (Vaquero and Zurita, 2011).

Intravenous transplantation of mesenchymal stem cells decreased neurological deficits and provided therapeutic benefits in an animal model. Meesnchymal stem cells seem as an excellent source of reserving cells for acute and diffuse traumatic brain injury. Additional studies are necessary to explore the safety and efficacy of these cells during long-term therapy.
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